Abstract: Quenched low-density polyethylene (LDPE) films were photo-oxidized with a xenon arc lamp at 63°C for 12 days. The effects of photo-oxidation on the deformation behaviour of LDPE films were investigated by a rheo-optical method in which IR dichroism was examined under uniaxial extension. The orientations of the oxidized segments introduced by photo-irradiation as well as of LDPE crystals were measured simultaneously with tensile deformation. The crystalline parts dominate the deformation before yielding but the orientation of oxidized segments gradually increases after yielding and has a maximum just before the break point.
Introduction
Semicrystalline polyolefin materials such as polyethylene (PE) and isotactic polypropylene are widely used in daily life because of their valuable properties such as high mechanical stiffness and modulus, high drawability, chemical resistance, and low weight [1] . However, these polyolefins are degraded through oxidation under natural conditions by ultraviolet and/or visible light irradiation. This reaction leads to the build up of a variety of oxygen-containing groups, e.g., carbonyl groups. The oxidative degradation of polyolefins leads to the deterioration of mechanical properties such as drawability, strength and modulus. Hence photo-degradation of polyolefins was extensively studied as an unfavourable process for their durability [2] .
In the preceding paper [3] , we investigated the effects of structural morphology on photo-degradation of low-density polyethylene (LDPE) materials. According to their rheological and gel permeation chromatographic (GPC) data, photo-degradation caused the lowering of molecular weight and the increase in the higher-molecularweight fraction, resulting in a broadening of the molecular weight distribution. Furthermore, photo-degradation was found to dominantly affect the molecular aggregation state of the amorphous phase. It follows that a number of carbonyl groups are introduced into the LDPE molecules in the amorphous region.
In this work, the effects of photo-oxidation on tensile properties are investigated. Fundamental aspects of light-irradiation effects on tensile properties are important to provide a structural insight into the deterioration of mechanical properties due to photo-oxidation. For this purpose, we examined the deformation mechanism of 1 photo-oxidized LDPE materials using a rheo-optical technique [4, 5] in which infrared dichroic ratios were measured simultaneously with stress-strain behaviour under a constant rate of elongation. Here, the infrared absorption band of carbonyl groups as well as the bands attributed to crystalline LDPE chains was examined for the structural understanding of deterioration of drawability or embrittlement in degraded LDPE specimens. This technique is a powerful tool to monitor transient changes in molecular orientations occurring in different phases such as crystalline parts and amorphous parts and to correlate them with the macroscopic tensile properties.
Experimental part

Materials and sample preparation
Pellets of LDPE, which does not contain any additives such as anti-photo oxidatives, manufactured by Scientific Polymer Products INC., were used in this study. The weight-and number-average molecular weights of the polymer were 174·10 3 and 39·10 3 , respectively, according to our GPC measurements. Film specimens with a thickness of 60 µm were prepared by cooling rapidly into ice water after hot pressing at 150°C and under a pressure of 100 kgf/cm 2 . The films were irradiated with a xenon arc lamp of 1.1 kW at a temperature of 63°C for 12 days (760 MJ/m 2 ) under air atmosphere. The radiation spectrum of the xenon lamp is shown in Fig. 1 . 
Polymer characterization
The degree of crystallinity was calculated from the heat of fusion of the specimens. Differential scanning calorimetry (DSC) curves were obtained with a Mettler DSC 820. A sample of about 10 mg, which was cut from the film specimen, was sealed in an aluminium pan. DSC measurements were carried out at a heating rate of 10 K/min under N 2 atmosphere. The heat of fusion was estimated from the area of the DSC melting peak. The heat of fusion of a perfect crystal, used in the determination of crystallinity, was taken as 293 J/g (4.1 kJ/mol) [6] . As shown in Fig. 2 , the degree of crystallinity increases with exposure time.
This may be due to the fact that the film specimens are annealed by the photo-irradiation process at 63°C for 12 days. Indeed, it was confirmed from small-angle light 2 scattering measurements that a well-developed spherulite morphology is formed in the photo-irradiated samples. The melting temperatures of all samples were in the range of 110 ±1°C, indicating that the size of crystallites or the thickness of lamellae is almost independent of photo-irradiation. This indicates that the effect of degradation on the crystalline structure is negligibly small. Infrared (IR) spectroscopy was carried out with a JASCO FT/IR500. The IR spectrum around 1700 -1800 cm -1 of a sample exposed for 20 days is shown in Fig. 3 . The 1715 cm -1 band arising from carbonyl stretching vibration in R-CO-R was found to dominantly develop in the oxidized LDPE, suggesting that -C=O groups are introduced into the methylene segments. Since the thickness of sample specimens used for IR measurements was almost the same, the degree of photo-oxidation was evaluated from the absorbance of the carbonyl absorption band (1715 cm -1 ) normalized by that of the virgin sample:
where d is sample thickness and I 1715 (t) is the transmittance at the 1715 cm -1 band at exposure time t. In Fig. 4 , the absorption at 1715 cm -1 of LDPE irradiated with the xenon lamp is plotted against irradiation time. It was found that the photo-oxidation of the sample proceeds markedly after four days. 
Tensile measurements
Stress-strain behaviour in uniaxial tension was measured at room temperature and a cross-head speed of 5 mm/min using a Shimadzu AGS-5kN. The sample specimens were cut with a dumbbell shape in which the gauge length was 10 mm. The tensile strain was calculated from the ratio of the increment of the length between clamps to the initial gauge length. The tensile stress was determined from dividing the tensile load by the initial cross section.
Rheo-optical measurements
Rheo-optical techniques afford information on the time dependence not only of stress-strain but also of optical quantities associated directly with the structure. In the present study, IR dichroism and peak frequency shift were measured while stretching the film specimen at a constant rate of elongation. A tensile tester was set in the spectrometer (JASCO FT/IR500) allowing the IR beam to go through a film specimen mounted on the tensile tester. IR data were collected every 30 s and stress data every 1 s under a constant elongation speed of 1 mm/min. Dumbbell-type films with a width of 4.1 mm were cut from the film sheets and supplied for the rheo-optical measurements.
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The tensile tester was specially designed for upper and lower clamps to symmetrically move from the central point of the film so that the beam spot remains at the initial position during the whole stretching. To determine the orientation function of molecular chains and crystal axes, we used the dichroic ratio D, which can be determined by A // /A ⊥ , where A // and A ⊥ denote the absorbance measured for radiations whose electric vectors are parallel and perpendicular to the stretching direction, respectively.
In order to characterize the orientation of polymer chains in the stretched sample, it is convenient to use the Hermans orientation function f
where θ is the angle between the stretching direction and the axis of the chain segments. A perfect orientation along the stretch direction corresponds to f = 1 while a perfect perpendicular orientation corresponds to f = -0.5. For random orientation or a completely isotropic state, f becomes zero.
The relationship between the Hermans orientation function and the dichroic ratio for a particular absorption band is given by [7] The transient moments of IR absorption bands at 730 and 720 cm -1 were parallel in the direction of the a axis and the b axis of crystallites, respectively. According to Stein [8] , the orientation function f c of the crystal axis (c axis) can be evaluated from the orientation functions f a and f b of a axis and b axis by use of the relation f a + f b + f c = 0. Since the carbonyl group band at 1715 cm -1 is suggested to have a transition moment lying perpendicular to the chain axis (see Fig. 3 ), the orientation function of photo-oxidized segments can be calculated using the following equation: 
Considering that the photo-oxidation concentrates on the amorphous phase, the orientation behaviour of amorphous chains can be obtained from the orientation function data of f 1715 as a function of strain.
Results and discussion
In general, PE polymers prepared from the melt show a spherulite structure in which crystalline lamellae composed of folded chain crystallites radiate from the centre of the spherulites. The stacks of the lamellae are twisted with a constant pitch. In the case of PE, the crystalline lattice is orthorhombic and the b axis is in the radial direction, and the a axis and c axis (chain axis) is perpendicular to the b axis. The spherulite is filled with the lamellae in such a way that a constant degree of crystallinity is approximately maintained. The amorphous regions reside in the interlamellar regions in the form of loop chains, cilia chains, floating chains, and tie chains. In the past, the existence of molecules connecting adjacent lamellar crystals was proposed to account for mechanical strength and drawability of semicrystalline polymers. This is because the amorphous regions hardly contain the full length of any polymer molecule and most molecules are incorporated partly in the crystal lattice and partly in the amorphous regions. Such tie chains were considered to play the role of an intercrystalline link capable of supporting external stress. This view has been accepted and supported indirectly by mechanical [9] and neutron scattering data [10, 11] . Direct evidence of the existence of intercrystalline links in melt-crystallized PE spherulites was first demonstrated through electron microscopy by Keith-Padden et al. [12] .
The oxidation of polyolefins initiated by photo-irradiation is an easily proceeding process, which is responsible for the drastic changes in the mechanical properties on exposure [13] [14] [15] . The practical problem with the photo-oxidative decomposition is that the embrittlement occurs even at lower degrees of decomposition. Mechanical properties are sensitive to photo-degradation as concluded from spectroscopic analysis for molecular modification. These results imply that the mechanical probe is extremely suitable for examination of the oxidative decomposition of polymers. Fig. 5 shows the stress-strain curves of the irradiated LDPE films. The breaking point is drastically shifted to lower strain by decomposition. Brittle behaviour seems to occur after 20 days irradiation. The remarkable reduction in drawability strongly suggests that the oxidative decomposition of chains concentrated on the tie molecules between adjacent crystalline lamellae or the intercrystalline link chains between lamellar clusters since the tie molecules and/or intercrystalline links support the external loads [12, 16, 17] . This is plausible because the branching points, which are excluded from the crystalline phase, consist of tertiary carbon atoms and decompose preferentially.Thus, the oxidative reaction concentrates on tie-links in the amorphous phase and this leads to the reduction in drawability. This is consistent with our previous data [3] concerning structural modification due to photo-degradation. As seen in Fig. 5 , the stress levels in the small-strain region or up to the yielding region increase with increasing irradiation time. This may be caused by the increasing degree of crystallinity and/or the formation of a well-developed spherulitic structure, which is brought by the heat-treatment at 63°C for 12 days. We can see double yield points [18] [19] [20] [21] in the LDPE films. The first yield point at lower strain is associated with the dislocation process [19] and/or disintegration of crystalline lamellae and lamellar clusters [17, 23, 24] and the second one is due to the necking initiation [19] where a large-scale morphological transformation from deformed spherulitic to microfibrillar morphology suddenly takes place. It follows that the intensities of these yield points are related directly to the fraction of crystalline phase.
(a) (b) Fig. 6 . Variation of the crystalline orientation functions f a , f b , f c with strain for lowdensity polyethylene: (a) unexposed, and (b) exposed for 12 days Fig. 6(a) shows the crystalline orientation functions of unexposed LDPE film and Fig.  6 (b) shows those of film exposed for 12 days. The orientation function f c of the crystal c axis for the unexposed sample increased almost linearly with strain whereas f c of the exposed sample was negative and the a and b axes orientations were positive before the first yield point. This suggests that the well-developed spherulites of the exposed sample deform affinely in the pre-yield region. This negative orientation of the crystalline c axis can be explained by the deformation mechanism, i.e., that the orientation of the b axis, which is in the radial direction of lamellae within a spherulite, caused the c axis to orient perpendicular to the stretching direction since the c axis is perpendicular to the b axis in the PE lattice [25] . c Axis orientation has a minimum (the a and b axes have a maximum) around the first yield point and linearly increases with increasing strain, indicating that the lamellar fragmentation at the first yield point allows the crystalline chains to orient along the stretching direction. It should be noticed that the orientation of the b axis became rather constant in the region between first and second yield point, suggesting that twisting of the structural units composed of some lamellae occurs and this leads to the orientation of the b axis along the thickness direction as demonstrated by Takayanagi et al. [26] . After the second yield point, both the a and b axes orient along the direction perpendicular to the stretching direction, suggesting that the necking process proceeds and the c axis orientation of crystallites becomes dominant. These orientation behaviours in LDPE film with well-organized spherulites are consistent with previous dynamic X-ray data [27] .
Light with a wavelength of 280 nm effectively causes chain scission in the amorphous region of LDPE. However, chain scission hardly occurs in the crystalline region, i.e., the carbonyl groups are formed in the amorphous region. In other words, to measure the dichroic ratio of the carbonyl groups is to examine the orientation of amorphous chains in oxidized films. Fig. 7 . Variation of the orientation function of amorphous chains estimated from the C=O band (1715 cm -1 ) with the extension ratio for 12 days-exposed LDPE films
As shown in Fig. 7 , oxidized chains orient along the direction perpendicular to the stretching direction before the first yield point. This is plausible because the deformation concentrates on the amorphous region at small strains [28] . This orientation behaviour can be considered to correspond to the mechanical response of tie molecules since other amorphous chains such as loops, cilia and floating chains have no ability to act as stress-transmitter supporting the external load [28] . In the initial strain region, the orientation function of oxidized tie molecules is around zero but it begins to increase after the first yield point. This strain-lag in orientation can be ascribed to the affine deformation of spherulites: the deformation from sphere to ellipsoid causes the cancellation of both contributions from the positive orientation due to the lamellar separation in the equatorial region within the deformed spherulite and from the negative orientation due to the compression between lamellae in the polar region. After the first yield point, the tie molecules gradually and rather smoothly orient along the stretching direction, suggesting that the extension of tie molecules causes lamellar twisting as well as fragmentation of lamellae at yielding. It is interesting to note here that the orientation of tie-molecules has a maximum just before the break point and then the orientation diminishes to zero at the breaking point. This strongly suggests that the maximum point corresponds to the onset of the scission of tie molecules. A schematic figure of this deformation mechanism is shown in Fig. 8 . 
Concluding remarks
Photo-oxidation decomposition progresses more or less when polymers are exposed to the environment. In this work, a low-density polyethylene without anti-oxidative additive was used for the measurements. The effects of photo-oxidation on the orientation behaviour of LDPE films were investigated by simultaneous measurement of polarized IR spectroscopy and tensile stress. The results thus obtained in this work provide useful data in the design of anti-photodegradation polyolefins. They can be summarized as follows:
The orientation function of the chain axis in the crystal lattice for the unexposed sample increased monotonously with strain before the yield point whereas that of exposed sample was negative and had a minimum around the yield point. This difference in the orientation behaviour between unexposed and exposed films may be due to the degree of structural organization within spherulites. That is, the unexposed films are quenched films so that their structure is rather loose organized. On the other hand, the exposed films are annealed during exposure at 63°C so that their spherulitic structure is well developed. The negative orientation of the chain axis in the exposed film is associated with the affine deformation of well-organized spherulites. The mechanical response of tie molecules, which play a central role in the drawability of semicrystalline polymers, was detected through the orientation behaviour of oxidized segments with carbonyl groups. It was found that the mechanical break of the spherulitic LDPE film is initiated by chain scission of tie molecules or intercrystalline links.
